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SUMMARY

Methods are desrr-ihoH r~

1. INTRODUCTION

»t.rCSP.S2StJat1iSS "J" i°nf tthe W°rld' iS U-W by the lack offrequently experience short reriods 2 US"*?' maritlme "^.cL
(Gallagher, Bi3Coe and Hunte u T" shortage and yields are redn^H
moisture stored in the soil to s^ort**^' 1977)' In ««» flying on

cron ™. S attention (Fischer and Turner 197ft? V 2°neS ±a receiving

advent of the neutron probe and of ther^S ^nr^r^^17 ^^ the
s^-s?si«f««i«rsf Jotenotr:re:ndthte0metHh?d3 curren^ —^le t0
difficulties in the interpretation «*+u to lndi°ate the possible

MEASUREMENT OF SOIL WATER CONTENT

^|^!X,A,a,2l5*iJ SaJiUrJTt' °f SOil "*« "nt.ntcollected and weighed (« ) a„d th™ h\?VJ ld moi3t^e content ia8 +w). and then dried in an oven at 105'C to constant

ilKflHE

;iEtan I
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wei„ht (18 -24 hour drying). The sam.le is reweighed («,) and the water
content or a dry mass basis (ej is calculated from:

&
n s+w-m-mg+w-1

3
's

Usually the water content is expressed as apercentage of the dry mass of
soil (Fj, where ?m - 11.0 \.

This method is cheap
evaporation loss during t
sampling, the soil should
30 that any vapour conden
the determination. If sam
cartons or other containe
damage, then significant
The development of microw
ablv reduces the time tak
allow the use of inexpens

and simple, although care must be taken to avoid
o-+ fro™ the field to the laboratory. Afterransit from the iieia xo t a containers

be placed immediately into seaieo. ™-™*- .,,„,, in
sing on the inside of the canister can be included in
Ilea are collected in polythene bags, waxed paper
6h cannot be heated to 105°C without risk or

errors will be introduced into the calculation of » .
Ill ovens (Miller, Smith and Biggar, 1974 consider-

to y a sample of soil and this technique may
ive paner containers (Hankin and Sawhney, 1978).

The disadvanta.es of ^-f^^1fey Represent-
destructive, secondly, that much reP^jJ^Jw that it is often difficult toative of large areas are required{ £t*£I*£'toSo.t. Moreover, when assess-
obtain samples from soil layers other than t P ents it ia m0re
ing the use of water by crops or their *»*«£ qolume of water to the
useful to know the water content as a ratio of the ^ calculated from
volume of soil. This volumetric water content V y) ± ^ gravity
the gravimetric water content (6J unless
of the soil is known since:

© A 0

€ is the density of water.
atwhere t is the bulk density of the soil and

b'volumetric water consent can be measured directly ^^^£^
fCsd-ax and Kirkham, 1^2; Long and Prenob, J?™ ^ of spatial
n..i0r -dvn-tage.: it in ^.-d.etructiv. i « ^ into tne 3oil
intecration. Aluminium access *£" afJ^i- an americium/berylium source is
and asource of high energy ^ut^s ^U*^tted from the source collide with
lowered into the tube (Pig. 0'^^^^ iarge (e.g. aluminium), they
atomic nuclei in the so^'// *fsam™velocity. If the nuclei! are small, how-bounce off, retaining almost the same velo J &re slowed down and
ever, the neutrons lose energy to the small nuc trons depends on the
after several such collisions, the velocity of the neux „thermalized... The
temnerature of the system and -««h njutrors «. ^ which has almost
nucleus most effective in tnermali-ingneutronjl y abundant aB water.
the same mass as aneu^V!?Vith clay and organic matter. Hence the densityLesser amounts are associated with clay and orga ^ ^ &fanction

appropriate calibration curve.
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Other elements, such as boron, chloride, iron and carbon, may also
the^malize neutrons so that the bulk chemical composition affects the count
rate Moreover the bulk density of the soil may also affect the theraalx*-
TtTon of neutrons, so that there is aunique *I**i™S*iS"& 5act£.
o^+Pn+ of a particular soil and the corresponding count rate. The factors
f£fi4 the^r". .nd «h. ^nO^f"ortunat t" " "teeby Viav.lingam and Tandy (972) anBell (1973). ^J™1^* „,„ content,
iix\z%: s".s.r.i;r:^n» "S^rs «... i; *£•-££.tancee, calibration i. atr.igbtfor.nrd b.cau.., for moat oi a th^differ.no.
in gradient b.t.aan «"^- HTlay aoU cilcolatjtnat il h^bad ns.d
tbe llJlll^ulTtX: sandy £H and **=*«.«» aaaaonal .atar
balance would have been in error by only 5/°.

One of the most serious limitations «f t^ ^h? i. that, as the neutron
source approaches the soil surJJ«; JJ-" ^ JiSST^SJnt. in the
and thermalized neutrons from the 8°" ?y"*%h„ f difficult to obtain

effi^y^^°tb."rii1:drfa^r:nr(;i00arfifai^rilyTaUinei)tb^„rface Ling an artanaion
tray. Tba .arita of tb... ^tarnativa. ara diaonaaed by V^valinga. and fa^^
(1*2) and Ball 0973), *»t at tba »n vara ty £»«£**„ neotron loas .,
Xe'eoU raerf.:aeandPTodffying°3tba8c:iibration ourva ao tbat raadinga ar.
possible at probe depths of 10 cm.

MEASUREMENT OF SOIL WATER POTENTIAL

By definition, the total potential ofwater ( *')Mj ^"fgSffo?

STlil^ffl/irUSrS S'SfMgS water, /he total
polenUal l¥)U made up of a number of components!

f
1 m

fm h y
m> , 4.4-1 4* in the gravitational potential and r iswhere ffflis the matric potential,T ie the gravi hydrostatic

the osmotic potential, and may be "l*°"jjj ^
pressure or specific free energy (see Appendix;.

♦.„«»1 (V ) can be measured directly by a tensiometer whichMatric potential (T J can oe enclosed within a porous
consists essentially of a "^^tL within the soil matrix and connected
membrane (normally aceramic pot) ""^^Ymanometer (Fig. 2a). Continuous,at the other end to either abourden gauge ora manoa ^ « ^ ^ j
liouid'contact between the soil -J^^^^^nbran. creating asuction
dries, water from the reservoir is drawn ac|°" *» tensiometer measures
that can be measured. In the for- -hown in Fig. 2a t ^ therefore,
U> directly, but this necessitates tne aiggms »•>• *
m unsuitable for general field use.

W.b.t.r (1966) d.aoribe. tba ««^™«fI24*S'J^,S."2SJS»a,« Jthe field (Fig- 2b). In thi. arrangement, the reading
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the sum of the matric potential (^ ) and the gravitational potential ( V ),
referred to.as the hydraulic m potential ( r ). Since the height q
of the mercury reservoir above the ground surface (distance y) varies
between workers, readings should be referenced to a stated datura, conveniently
the soil surface.

Balancing heads:

+ T „ h X P.h + + 7,
m Hg

where

water).
water table

P.
Hg

is the density of mercury and ^ is the matric potential (cm of
Let h' be the reading when W_ «. 0 and z - 0 (i.e. for a
at the soil surface) then:
y

m

12.6

However, when fine-bore tubing is used in the construction of the mano
meter (to approach the ideal of a null point technique), a correction has to
be made for surface tension effects. Using tubing with an internal diameter of
about 0.8 mm, mercury rises about 1 cm less than expected.

Thus:

12.6
- h' + 1

Let y - 25 cm (i.e. an almost exact and convenient multiple of 12.6)

Then h' - 1

Therefore, when nuoting the hydraulic potential (cm water) referenced to the
soil surface, the appropriate relation is:

Fh. - 12.6 (h - 1)

Temperature will have a marked effect on the operation of the instrument,
particularly if there is a temperature difference between the instrument and
the soil. The effects of diurnal variations in temperature can be minimized,
either by reading the instrument early in the morning before the sun has
warmed it to a temperature above that of the soil, or by placing a reflecting
screen around the above-ground parts of the instrument.

Tensiometers are cheap and easy to maintain, but have a limited range
(0 to -0.08 Mpa) because air eventually enters the ceramic pot, breaking the
hydraulic continuity between soil and manometer and the instrument fails.
Fortunately, the limited range is the one of most interest when determining
irrigation requirements.

The development of thermocouple psychrometers (Monteith and Owen, 19585
Rawlins and Dalton, 1967) has allowed the range of soil water potentials
measurable in the field to be extended down to -5.O MPa with an upper limit
of about -0.1 MPa. The unit commonly used consists of a small thermocouple
(usually chromel/constantan) enclosed within a ceramic container (Fig. 3a)
buried in the soil and is used to measure the vapour pressure in equilibrium
with soil. The vapour pressure is a function of soil water and salt contents,
and the potential measured with the thermocouple psychrometer (the water
potential r ) is the sum of the matric (J" ) and osmotic (JP ) potentials.
Measurement can be made of either the dew point or the wet bulb
depression, but in our experience, the latter method is more suitable for
field use.

! 1
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When using the wet bulb depression technique, ^VhrouTit^eltier^cooled below the dew point by passing asmall current through it ^eltier
Trro^ ™ that a small drop of water condenses on the cooled junction, when
the current is discontinued" water evaporates from the wet junction cooling it
below the temperature of the reference junction, thereby producing a ma11
1 rn f Th« decree of cooling is controlled by the evaporation rate which is, in^re^te^o the vapou/pressure of the chamber and ultimately the water
potential of the soil.

V/ater potential (PJ is related to the measured relative humidity (e/eQ)
by:

)^ - RT

m

In e

e

,h„™ Ris the universal gas contant, Tis the absolute temperature and Vm is
Sr-oLi'vor."S Sure et.r Tabl., 1̂ l^^XtZ tb. rang.

and Dalton (1967) bave detailed the li**Jf con J temperaturepsychrometer readings. Jhe main effect of temperature is p^ q£ ^
of the chamber, where the humidity is ^eing meaaured, cnang
thermocouple reference junction measured before the cooling cur pa
At 25-C, this source of e"" ^^ !C are nece Lr^ to measure soil waterature differences of less than °-°°1M^ar^^ewhe7in8talling thermocouple
potentials with an accuracy of 0.01 J»^™» to minimize temperature
psychrometer units in the field, it 18 a*v« gurface layers of soil wheregradients within the system particularly in the surface y

^r.iihdo.rin snrs.sd»r,5ss5S sslwi. «-»«.
S2SHS3SFB
POTENTIAL

Table 1

(MPa)

-0.1

-0.2

-0.5
-1.0

-1.5
-2.0

•/<

0.99928

0.99855
0.99638
0.99278
O.98920
0.98561

AT

(OC)

0.0090
0.0180

0.0450
0.0900

0.135°
0.1800

9

-0.21

-0.31
-0.61
-1.11
-1.61
-2.11

if error of 0,01'C in T
(MPa)

- „ v -ii fio^oN has shown that stability can beMore recent work of Campbell ( ^9)ha«J^ « th high therinal
improred if the reference junction ^/^^tnsitive to axial temperatureoonduotivity. Sach unite (Fig, 5b are 1." •££« ^ iB a considerable
Svtn'tag'e ?&£EE2 S^^0?^^^ is then minimal.

Fi;

5.
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Thermocouple

Reference
junctions

Insulated wires

1cm

(b)

—Solid stainless steel
or brass

Ceramic
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Enamelled copper wires

Threaded steel or brass
mount

Insulated wir es

Fig. 3 Thermocouple psychrometers: (.) typical conmercial
(b) Campbell type

5.

of thrL^iraJd^siotL^L^^air'but^r000^,8 «•*««« *the sum
potential component will be small and in aLTT "V0118' the °Sm0tic
^.^Water P°tential of -1.5 MPa <J was 0£15SBl/fn*,liah a«ricultural soil
1978). When it is desirable to separate matric and^f*^' McG°Wan and Bi3°°°.
ents then osmotic potential can be measured" and°8notl° Potential compon-
couple psychrometer (Oster Rawlins III T directlv "^8 a modified thermo-
can be estimated from measuredt oft St "'i^' A»—«^ly. ittion extract (B Cmmhos/cm) «^%'S^ia"«S&2.: =5?

^ -0.36 xE.c. xg2_2St
V

tioTa!l arthendm!aVsarV^ V°1Um6triC "*" C°nt6ntS °f the ^ a* "*«-at the measured ^, respectively (U.S.D.A., 1954).
A symposium concerned with the use of +h0™

and van Haveren, 1972) ffives var1 I ?f thermocouple psychrometers (Brown
Plant water research. °U9 aPPlicatl°™ of the method in soil and

ESTIMATION QV SOIL WATER BALANCE

-*J«^^,sryS'^s um.U80addt?tr8?r; ?» ohw*'" °f -*«before the use of water by a cron can'bfd"101?al ^formation is required
transpired by a crop in aepec^ied Ji^ °3^ulated- Th° —t of water

T- P - R. Es - As . D

1

I

1

roan

1
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For many purposes (for example, in hydrological studies), it is ^necessary
to distinguish between Tand Ea and the two are summed as evaporation (E).

The precipitation (P) can be easily measured with a raingnuge but runoff
(R) is difficult to measure, although it is unlikely to be important, except
•bin the rate of precipitation exceeds the infiltration rate, or in areasSere local redisSbufion of water occurs. The separation of drainage from

4.4nvt unwpv„ can be a formidable problem (van Bavel, Brust and btirK,
;SS ..SJuSTSin rain snowers rewet ?he topsoil or where there is a
rfcellnrrteftable. Both of ^S/ir«^\^^fiB^SI2 lT
bf:denaadoCnt^rinadee^ SSST.SX.^^waterlablel it I possible to
calculate drainage (5) or upward flux of water from aknowledge of the
hydraulic conductivity (a) of the soil using:

D-K4fdz

This approach has been used to calculate water uptake of irrigated cotton
.*«.. and StSrn 1967) and Stone, Horton and Olson (1973a) have shown thefcafce of eitlmaling the flux below the root zone when determining
evaporation rates using depletion methods.

SSTiSl. STUtS i.5 are by evaporation anc> belo. which, eater lo....
1. j ^,L„Q tvhc nnn-roach is more dynamic than that oi otone ex ai.v \y 1j»if%St the effective rooting depth may clange through the growing season

thilfthe alternative d ha. . fixed boundary. Moreover, it can be used on

a»rieo^ror ..SKy.1:^?»^^is^'s.'Sja
high to zones of low potential, the eiiecxive rou u * potentials at
identifying the depth of ""^~^S?££; Jg cm m^st have £„ moving20,30 cm.were lower than at 40 cm .0 water«£JJ ♦ If tengiometer
upwards, i.e. 40 cm repr.sent, the '""""f^f^,Pto define the effective
roSsr;.^^

Chan.es of soil water content "--ed with the ^eutron^obe^under^the

evaporation or drainage. However as alayer of JJ^JJ1^. from that layer
conductivity decreases. "*» **«;fJftlJX wot. commences, the rate of water
also decreases. When extraction of *ater by *?°™ ° the curve of water• loss suddenly increases resulting in adijoontj»«J*» "J^ The identifica-
content plotted against time (Wllli-J, 19711 ™™'for determining the
tion of these discontinuities provides mother method ™J "J™ from evapora-
effective rooting depth and hence admea^.^d8ef^^neu1ron probe and tensL-
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(days)

Cumulative evaporation from
bare soil beneath a crop of
millet with a LAI of 1.5

Fig. 6 A comparison of effective rooting
depth estimated by tensiometers (•)
and the neutron probe (o) for winter
wheat growing on stored soil water

Fig. 7

4 „ v mav be an important component of E before thein semi-arid region., ^ may b. anj p^ by ^^ and Turner
plant canopy covers the soil au,rl*ce» a f 0#2 to 0.5 of E. Kristensen(1976), in four studies, show E ranging from u. 3 concluded,574) instigated the dependenceI of E on leaf «« In ^ J^ ^ ^

^;h.n%h.rurf^

where'c i.\ constant which must be determined for each soil and may vary 1
seasonally.

| is difficult to measure directly, ^^^^SfidFSK)
tion from row crops with incomplete cover, are mj ^^meters (Tannerand give good agreement with measurements obtained oeing y ^^ &and Jury, 1976). FigureJ shows the evaporation tromJto«^ ^ c
crop of millet with an LAI of about 1;5 "^•^ after an initial period,
9 cm deep, packed with soil, ine ngure »n » _.
the cumulative loss of water is linearly related to V*.

T. WATER USE BY CROPS

•A greater appreciation of the factors
crops hK emerged during the last 25 years
of the factors controlling the atmospheric

less well understood.

regulating the water J0" fr?mfttion,particularly since the elucidati
demand for water. Potentialmeasured meteorological variables
rements of crops, or, whereJ**^*,oretical and empirical rjlation-»r
for abrief review, "• '•*j£1'£.j
the supply of water in the soil
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limitations when asL'r^^ °Ver the ^le of gr0wL « availabl« -hich
"ore dynamic concepts f°V?°rter-tern e.ti»ateP5 %J£Xi™i *»! ha8 "'lour-

--ass nssrriK.f.TSw: irais-

that, apart from th.'« ! UnUl the fourth «*a« of „!! /"' maintained

18 -31 das

LAI 1.2
100-1

100-"'

71 - 83 das

LAI <0-5

32-40 das

LAI 2-4

C-J.hl g^.? °t £u IT hand rat" °f "" ^r depletion
« r \he top °-2°« « ».J»t2n3e.rs..tof lllet- soii «'«52 das by irrigation but was lower^n STS^?"1 MPa until

. ,*-»-J|

Km*;
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correspond to distribution, but because of the non-uniform distribution of
roots, the layer with most roots will be depleted most rapidly, and the
hydraulic conductivity will fall, resulting in the zone of maximum uptake
changing throughout growth. Rickman et al. (1978) show the depth of maximum
water extraction moving gradually down the soil profile as a crop of wheat
grows on stored soil water. Table 2 also shows this phenomenon, as well as
the ability of a few, deep roots to supply a substantial proportion of water
during a drying phase (see Stone et. al., 1976).

Table 2 COVFAHISOS OF THE RELATIVE rfATER USE FROM DIFFERENT SOIL UYERS
HlTH THE RELATIVE DISTRIBUTION OF ROOTS AT TWO STAGES IN THE
GROWTH OF WINTER WHEAT ON STORED SOIL WATER

Date

20-27 Kay

10-17 June

I

root distribution (>)

water uptake {*/»)
root distribution (>)

water uptake (>)

Depth (cm)

0-30 30-60 60-10

50 18 25

54 16 24

85 8 6

17 30 39

In regions where crops are planted into wet soils that dry rapidly
because" "Thigh"atmospheric demand for water crop growth -iJJ £*•*•« -d
largely by the ability of the plant to approach, rather than actually achieve,
tne potential rate of evaporation. A key process, enabling this to happen,
would oe tne downward penetration of roots into wet soil, proceeding more
rapidly than the downward penetration of the drying front. Many soils may
coSain appreciable -uantiti.. of water below 1. after a-opp ng eason
(Hurd 1974. wheat, Canada; Russell, pers. com., millet, India; ana vanet
are beingbred with roots having faster rates of penetration and deeper

with more water accessible sheuld produce ££«*•* ^^0^.^-
JonreL™ SeVmiVof wa erlvfiSbiS^on relation to yield determin
ing processes' will be important (Tennant, 1976}. In such circumstances a
sptrser root system might allow the limited water to be used more effectively
in producing yield (Passioura, 1974).

7. CONCLUSIONS

ationa. of the water a.. £«•!>•r"",h°r»ore, the S^itode of »»ter flare.

•-management ettetegiee ere being adopted to take aoooont mcree..,tr^nr^oree^r'^^^lrrhrfoor^te^ror'a^eroat^^.h^efoaS
limited amounts of water more effectively.
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Note on Units

Since

1 bar - 10 ^ pa

it is convenient to adopt the megapascal
1 MPa - 10 bar

as an S.I. Bnit of approprlate B±z^

The chemical potential of »=♦„

water movement is specified by spec^'fret Ine^lT^^ ™*'ia °f
1MPa - 1MJ/m5 „ 1J/cm3

Between 0 and 44°C the dsnsit
eo with an accuracy of ij. 7 Water lies be^een 1.000 and O.990 g/cm3,

1 MPa - 1 J/g

1020 cm water - 1 bar . 0,1 Mpa

SSSt^S of'pjf.neref "" ~> •* "" «•« i. giTe„ a9 .
pF - - log (cm water pressure)

i.e. pF3 - - 1000 cm water pressure - - 0.1 MPa.
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